Toll-like receptors (TLRs) are involved in the sensing of microbially derived compounds. We analyzed the contribution of these receptors to cytokine production by macrophages following stimulation with whole bacteria. Using knockout mice, we confirmed that the TLR4 and TLR2 contribution was predominant in the induction of tumor necrosis factor alpha and interleukin-10 by gram-negative bacteria. In contrast, the absence of TLR2 and/or TLR4 or TLR9 did not affect the response to gram-positive bacteria. In the absence of TLR2, phagocytosis was essential for cytokine production in response to heat-killed Staphylococcus aureus (HKSA). Because intracellular sensing was important in the absence of TLR2, we evaluated the contribution of Nod1 and Nod2, intracytoplasmic sensors of peptidoglycan-derived muropeptides, to the response to HKSA. By transfecting RAW 264.7 macrophages with dominant negative (DN) forms of Nod1 and Nod2, we showed that both molecules inhibited NF-B activation in response to HKSA. The unexpected interference of DN Nod1 in the response of macrophages to gram-positive bacteria was confirmed with a Nod2 agonist (muramyl dipeptide) in transfection experiments with HEK293T cell. Taken together, these results show the contribution of phagocytosis and Nod molecules to the response to HKSA in macrophages and also identify possible cross talk between Nod1 and Nod2.
Since Elie Metchnikoff's studies one century ago, the study of innate immunity has reemerged following the identification of the molecules used as sensors of danger signals from invading microorganisms. The Toll-like receptors (TLRs) are one such family of molecules with highly conserved structures, including an extracellular sensing leucine-rich repeat (LRR) domain and a cytoplasmic Toll/interleukin-1 (IL-1) receptor involved in intracellular signaling. TLRs are transmembrane molecules that can be found on the cell surface, like TLR2 and TLR4, or within endosomal vesicles, like TLR9 (15) . Microbially derived compounds specifically recognized by these receptors are called pathogen-associated molecular patterns (PAMPs), although they are not specific to pathogenic microorganisms (1) . In bacteria, PAMPs include surface compounds such as endotoxin of gram-negative bacteria (lipopolysaccharide [LPS]), peptidoglycan (PGN), and lipoproteins.
In addition to TLRs, a family of intracellular sensors has been described. These receptors, termed nucleotide oligodimerization domains 1 and 2 (Nod1 and Nod2), also possess an LRR domain in addition to two other domains: a caspase recruitment domain and a nucleotide binding domain (12) . Unlike TLRs, Nod1 and Nod2 proteins are located in the cytosol and recognize distinct PGN-derived muropeptides (4, 7, 8, 13) .
The sensing of PGN motifs by Nod1 or Nod2 induces, through receptor-interacting protein 2, the activation of NF-B (11) as well as c-Jun N-terminal kinase (29) . Nod2 has also been shown to interact with other molecules such as transforming growth factor ␤-activated kinase (5), gene associated with retinoid interferon-induced mortality (GRIM- 19) , an inhibitor of transcription factor STAT3 (2), or Erbin (17, 21) . Mutations in the Nod2 LRR domain are associated with the development of Crohn's disease (10, 25) , a chronic inflammatory disease of the intestinal tract. Because of this association, most of the first studies of Nod molecules were carried out using epithelial cells. However, more recent studies of cytokine production in response to Nod1 and Nod2 agonists have also been performed using human monocytes and dendritic cells (6, 23) .
In the past few years, insights into the mechanisms of leukocyte activation leading to cytokine production using isolated PAMPs have been gained, whereas few studies have addressed the question of whether these sensors trigger similar responses when stimulated with whole microorganisms. Monocytes/macrophages possess phagocytic properties. Thus, when triggered with whole bacteria, the signaling cascades leading to cytokine production can be initiated both by TLRs at the cell surface and intracellularly by Nod proteins. Accordingly, we compared the respective roles of surface TLR versus intracellular Nod proteins in the initiation of the signaling cascade following the interaction of whole bacteria with macrophages and analyzed how this may lead either to pro-or anti-inflammatory cytokine production. To do so, we evaluated the production of cytokines by macrophages from TLR2 and TLR2/TLR4 knockout mice in response to gram-positive and gram-negative bacteria. The impact of phagocytosis on cytokine production was determined by using cytochalasin D. The role of Nod1 and Nod2 in the activation of NF-B in response to heat-killed Staphylococcus aureus (HKSA) was studied in the macrophage cell line RAW 264.7 by using dominant negative (DN) forms of these molecules. In addition, the interference of Nod1 in Nod2-dependent NF-B activation was further confirmed in transfection experiments in HEK293T cells.
MATERIALS AND METHODS
Mice. Eight-to 12-week-old male C57BL/6 (from Janvier, Le Genest-St.-Isle, France), TLR2 and TLR4 double knockout, TLR2 Ϫ/Ϫ , TLR9 Ϫ/Ϫ , MyD88 Ϫ/Ϫ , and Nod1
Ϫ/Ϫ mice were used. All knockout mice were in the C57BL/6 genetic background. All animal care and experimentation were conducted in accordance with the Pasteur Institute animal care and use committee guidelines.
Peritoneal macrophage isolation and stimulation. Mice were injected intraperitoneally with 2 ml of thioglycolate (Bio-Rad, Marnes-la-Coquette, France).
Four days later, peritoneal exudate cells were isolated from the peritoneal cavity by washing with ice-cold RPMI 1640 (Glutamax; Cambrex, Rockland, ME). Cells were counted and plated at 0.5 ϫ 10 6 cells/ml for 2 h and washed with RPMI to remove nonadherent cells. Adherent cells were used as peritoneal macrophages and cultured in RPMI supplemented with 1% heat-inactivated fetal calf serum (FCS). Macrophages were stimulated for 24 h with 100 ng/ml of highly purified Escherichia coli O111:B4 LPS (a kind gift from Martine Caroff, Orsay, France), 1 g/ml Pam3CysSK4 (EMC Microcollection, Tübingen, Germany), 6 g/ml of CpG oligonucleotide (completely phosphorothioate modified) (9), 30 ng/ml of tumor necrosis factor alpha (TNF-␣) (R&D Systems, Abington, United Kingdom), 50 g/ml of poly(I:C) (Invivogen, San Diego, CA), or 1 ϫ 10 7 heat-killed bacteria/ml (Escherichia coli O7, Neisseria meningitidis group C, Staphylococcus aureus Cowan I, and Streptococcus pyogenes A78). In some experiments, macrophages were incubated for 20 min with 3 M cytochalasin D (BioMol, Plymouth Meeting, PA) before stimulation with heat-killed bacteria. Cytochalasin D was maintained during the stimulation period. After 24 h, supernatants were collected and stored at Ϫ20°C. and TLR4 double knockout mice versus C57BL/6 mice (Mann-Whitney U test).
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All our non-LPS PAMPs, as well as cytochalasin D, were negative for endotoxin contamination according to tests using Limulus amebocyte lysate (QCL-1000; Cambrex). Furthermore, the absence of contamination by peptidoglycan in LPS and cytochalasin D was assessed using HEK293T cells transfected with Nod1 or Nod2 as described previously (6) .
ELISA. The concentrations of TNF-␣, IL-6, and IL-10 in the culture supernatants were determined by enzyme-linked immunosorbent assay (ELISA) (DuoSet; R&D systems, Minneapolis, MN) as specified by the manufacturer.
Phagocytosis assay. Mouse peritoneal macrophages were isolated, counted, plated at 1 ϫ 10 6 cells/ml in RPMI containing 1% FCS for 2 h, and washed with RPMI to remove nonadherent cells. Macrophages were pretreated for 20 min with 3 M cytochalasin D and then incubated with 10 g/ml Alexa 488-labeled S. aureus cells (Invitrogen, Carlsbad, CA) (equivalent to 10 7 bacteria/ml; ratio of 10:1 bacteria per cell). After 1 h, the medium was removed, and the cells were washed on ice with phosphate-buffered saline (PBS) containing 1.3 M EDTA. The cells were detached from plates using a scraper and washed again in PBS-EDTA, and the pellet was resuspended in PBS-EDTA-1% bovine serum albumin. Phagocytosis was analyzed by using FACScan and CellQuest software (Becton Dickinson). The fluorescence of extracellular bacteria that were adherent to macrophages was quenched using 0.12% trypan blue (24) .
Transient transfection and luciferase assay. RAW 264.7 cells (ATCC, Manassas, VA) were plated the day before the assay at 500,000 cells/well in Dulbecco's modified Eagle's medium supplemented with 10% FCS. Cells were transfected with 250 ng of a DN form of MyD88, a DN form of Nod1, a DN form of Nod2, or an expression vector for ␤-galactosidase (14) and 250 ng of an NF-Bdependent luciferase reporter plasmid (Promega) using Lipofectamine 2000 and Opti-MEM (Invitrogen). As a negative control, the cells were transfected with NF-B reporter plasmid and 250 ng of the empty vector (pcDNA3.1). After 6 h, the cells were stimulated with 10 7 heat-killed S. aureus cells/ml for 3 h, lysed, and assayed for luciferase activity. Human embryonic kidney HEK293T cells (ATCC) were cultured in Dulbecco's modified Eagle's medium supplemented with 10% FCS. Cells were transiently transfected with 75 ng of NF-B-dependent luciferase reporter plasmid, 15 ng Nod2 or Nod1 expression plasmid, and 125 ng of DN Nod1 or TLR2 expression plasmid (Invivogen, San Diego, CA) using Fugene 6 (Roche, Milano, Italy). The total plasmid concentration was 250 ng and was balanced by the addition of the pcDNA3.1 vector. At the same time, muramyl dipeptide (MDP) (100 nM) or Pam3CysSK4 (1 g/ml) was added, and the luciferase activity was measured after 16 h of incubation. In addition, using a dual luciferase reporter assay (Promega) and Renilla luciferase, we verified that the transfection efficiency was not altered by the addition of DN Nod1 or TLR2. One nanogram of Renilla luciferase vector (pRL-TK; Promega) was cotransfected with the other plasmids, and firefly luciferase values (NF-B-dependent luciferase reporter) were normalized for differences in transfection efficiencies on the basis of Renilla luciferase activity in the same extracts. Results were expressed as induction (n-fold) compared to the unstimulated empty vector control.
Statistical analysis. Data are given as means Ϯ standard errors of the means (SEM). Statistical analyses were performed using the nonparametric MannWhitney U test or the Wilcoxon signed-rank test. A P value of less than 0.05 was considered significant.
RESULTS
TLR2 and TLR4 are dispensable for cytokine production in response to gram-positive bacteria. Peritoneal macrophages from TLR2 and TLR4 double knockout mice were stimulated with various heat-killed bacteria in order to analyze the contribution of these receptors to the cellular response in terms of pro-and anti-inflammatory cytokine production. As expected, macrophages from these mice did not produce TNF-␣ or IL-10 in response to highly purified LPS (a TLR4 agonist) or Pam3CysSK4 (a TLR2 agonist), whereas wild-type macrophages were fully responsive ( Fig. 1A and C) . In addition, the production of TNF-␣ and IL-10 in response to CpG (a TLR9 agonist) was comparable to that of macrophages from wildtype mice. When we analyzed the response to gram-negative heat-killed bacteria (Escherichia coli and Neisseria meningitidis), we found that TNF-␣ as well as IL-10 production was profoundly reduced in the absence of TLR4 and TLR2 (Fig.  1B and D) . These data suggest that these receptors play a major role in the induction of cytokines by gram-negative bacteria. In addition, using macrophages from TLR2 or TLR4 knockout mice, we could determine that the TLR4 contribution was predominant in the induction of TNF-␣ and IL-10 after stimulation with gram-negative bacteria (data not shown). In contrast, the absence of TLR2 and TLR4 did not affect TNF-␣ and IL-10 production in response to gram-positive bacteria (Staphylococcus aureus and Streptococcus pyogenes), as similar amounts of these cytokines were produced compared to those produced by C57BL/6 mice. Similar results were obtained with macrophages from TLR2 Ϫ/Ϫ mice (data not shown). Our data suggest that in addition to the sensing of lipoproteins by TLR2, another receptor(s) contributes to the macrophage response to gram-positive bacteria. However, while TLR2 was dispensable for cytokine production in response to HKSA, the same was not true for MyD88. Macrophages from MyD88 Ϫ/Ϫ mice showed no TNF-␣ or IL-10 production in response to a purified TLR2 agonist, Pam3CysSK4, and dramatically decreased cytokine production in response to HKSA (Fig. 2) . Although profoundly diminished, TNF-␣ production in response to HKSA remained, however, significantly higher than that of unstimulated cells. Stimulation with poly(I: C), a MyD88-independent TLR3 agonist, was done as a positive control and gave similar TNF-␣ production in wild-type and MyD88
Ϫ/Ϫ macrophages. IL-10 production in response to poly(I:C) was below the detection limit.
In the absence of TLR2 and TLR4, gram-positive bacterium signaling depends on phagocytosis. Macrophages possess phagocytic properties that may contribute to the presentation (Fig. 3A) . It can be seen that cytochalasin D inhibited S. aureus uptake both for the number of ingested bacteria (84.3% inhibition of mean fluorescence intensity) and for the percentage of positive cells (56.5% inhibition). Phagocytosis was inhibited at similar levels for TLR2
Ϫ/Ϫ macrophages (data not shown). As expected, unstimulated cells did not produce any TNF-␣ and IL-10, and cytochalasin D did not alter cell viability (data not shown). In the case of macrophages from wild-type animals, cytochalasin D had no effect on TNF-␣ and IL-10 production after 24 h of stimulation with HKSA. In contrast, a strong inhibitory effect was observed for macrophages lacking TLR2 and TLR4 ( Fig. 3B and C) . Thus, in the absence of TLR2, bacterial entry into the cells is important for both pro-and anti-inflammatory cytokine production. Protein A is a major component of the surface of S. aureus and plays a role in the induction of cytokines by monocytes and lymphocytes (30) . To test whether this protein was playing a role in our model, we used a protein A-deficient strain. Similar results were found for IL-6 production by macrophages from TLR2 Ϫ/Ϫ and wild-type mice stimulated with HKSA or a mutant strain of S. aureus lacking protein A (Fig. 3D) . We can conclude that the impact of phagocytosis is not dependent on the expression of protein A on HKSA.
Reactivity of macrophages from TLR9
؊/؊ mice to HKSA. As bacterial entry into macrophages was important for cytokine production in the absence of TLR2, we were interested in the possible role of TLR9 in HKSA detection. Similarly to TLR2 Ϫ/Ϫ and TLR2/TLR4 Ϫ/Ϫ mice, macrophages from TLR9 Ϫ/Ϫ mice were reactive to HKSA and showed no difference compared to wild-type animals (Fig. 4) . This was true for both TNF-␣ and IL-10, whereas the response of TLR9 Ϫ/Ϫ macrophages to CpG was considerably decreased. As expected, the reactivity towards Pam3CysSK4 was not modified. These results led us to examine the contribution of Nod2, an intracytoplasmic pattern recognition receptor that has been shown to detect muramyl (MDP), the minimal motif present in all PGNs (8, 13) .
Contribution of Nod1 and Nod2 to the macrophage response to HKSA. As shown in Fig. 3 , after 24 h of stimulation, intracellular sensing is important for macrophages from TLR2-deficient mice but not for those from wild-type animals. However, we noticed that during a shorter period of stimulation (4 h), cytochalasin D also had an inhibitory effect on TNF-␣ production by wild-type macrophages that was no longer observed after 24 h (Fig. 5A) . Thus, the possible contribution of the Nod2 protein to macrophage activation by HKSA could be examined in a 4-h experimental model of NF-B-dependent luciferase activation. This assay was performed in the macrophage cell line RAW 264.7 expressing TLR2. As shown in since Nod1 has been shown to sense muropeptides almost exclusively found in the peptidoglycan of gram-negative bacteria (7). This effect seemed to be specific, as the NF-B activation in response to HKSA was not significantly modified when overexpressing an irrelevant protein such as ␤-galactosidase (Fig. 5C ). To confirm that the effect of DN Nod1 seen on HKSA was specific, we addressed its influence on Nod2 signaling by overexpression experiments using HEK293T cells (Fig. 6A) . As reported previously (12) , the transfection of low amounts of Nod2 by itself induced a moderate activation of NF-B (Fig. 6A, unstimulated cells) . This effect was not seen with DN Nod1 or with TLR2. The addition of MDP, a Nod2 agonist, potentiated the level of Nod2-dependent NF-B activation. Similarly to what was observed for macrophages, the overexpression of DN Nod1 significantly inhibited this Nod2-dependent NF-B activation. Moreover, the effect was seen for unstimulated cells or after challenge with MDP. This inhibitory effect was specific and was not seen when TLR2 was overexpressed with Nod2. The coexpression of Nod2 with TLR2 had no effect on TLR2-dependent NF-B activation induced by Pam3CysSK4. In addition, using a dual luciferase reporter assay and Renilla luciferase, we verified that the transfection efficiency was not altered by the addition of DN Nod1. We also tested the specificity of DN Nod1 on the Nod1 response when stimulated with its ligand MurNAc-L-Ala-D-Glu-meso-diaminopimelic acid (M-Tri DAP ) ( cotransfected with TLR2. The direct contribution of Nod1 to cytokine production in response to HKSA (after 24 h of stimulation) was also tested by measuring the production of TNF-␣ and IL-10 by peritoneal macrophages from Nod1 Ϫ/Ϫ mice. However, similar to the results obtained with TLR2 and TLR2/ TLR4 double knockout mice, we did not see any difference compared to macrophages from wild-type animals (data not shown). Thus, the absence of Nod1 in these cells is likely compensated for by the presence of other receptors including TLRs and also Nod2, which can respond to both gram-negative and gram-positive bacteria.
DISCUSSION
In this study, we analyzed the contribution of phagocytosis as well as Nod1 and Nod2 to the sensing of whole bacteria by mouse macrophages. Our aim was to determine the relative role of TLRs versus these intracytoplasmic receptors in the induction and regulation of cytokine production. The specific roles of TLR4 in LPS detection and that of TLR2 in lipoprotein sensing have been widely described (19, 26) . However, besides highly purified PAMPs, it is important to understand the response to whole bacteria, since they are the real actors in the infectious insult. In agreement with a study performed previously by Lembo et al., we found that TLR2 and TLR4 were dispensable for TNF-␣ production in response to grampositive bacteria (18) . In contrast, in the absence of TLR2 and TLR4, the macrophage response was dramatically decreased in response to gram-negative bacteria. Indeed, it was previously reported that TNF-␣ production induced by gram-negative bacteria was due mainly to its interaction with TLR4 (18). Our results were independent of the bacterial strain used, as similar results were obtained with S. aureus and S. pyogenes on one hand and E. coli and N. meningitidis on the other. Furthermore, we show that TLR2 and TLR4 were also dispensable for the induction of an anti-inflammatory cytokine, such as IL-10, by gram-positive bacteria. The role of TLR2 and MyD88 in the host defense against S. aureus infection remains controversial. Indeed, one study showed that mice deficient for either molecule are highly susceptible to S. aureus infection (28), whereas another study showed that MyD88-deficient mice control the infection (27) . The discrepancy between these experiments may be due to the route of infection (intravenous versus pulmonary infection) as well as to the bacterial inoculum, which was higher when the mice were found to be susceptible. Here, we found that in contrast to TLR2, the presence of MyD88 was crucial for cytokine production by mouse macrophages in response to HKSA. This effect may be due to the blockade of the signaling pathway through several MyD88-dependent TLRs. We cannot rule out a role of an unidentified TLR other than TLR2, TLR4, or TLR9 in the response to HKSA. However, MyD88 is also an adaptor molecule for the IL-1 receptor, and macrophages stimulated with HKSA produce IL-1 (data not shown). Thus, the dramatic decrease in cytokine production by macrophages from MyD88 Ϫ/Ϫ mice in response to HKSA may also be due to the absence of a paracrine/autocrine loop of IL-1 in these cells. To address this hypothesis, we performed experiments in the presence of IL-1 receptor antagonist (IL1Ra). The bioactivity of IL-1Ra (1 g/ml) was ensured on HEK293T cells, where it fully abolished IL-8 production and NF-B activation (monitored by transfecting an NF-B-dependent luciferase gene), in response to mouse recombinant IL-1␣ (10 ng/ml) or human IL-1␤ (10 ng/ml). IL-1Ra failed to alter TNF-␣ production by macrophages stimulated with HKSA. Furthermore, mouse macrophages did not produce TNF-␣ in response to exogenous IL-1 (data not shown). These results strongly suggest that IL-1 is not involved in this experimental model.
Macrophages from MyD88 Ϫ/Ϫ mice show an impairment of phagocytosis (3) . This defect in conjunction with a marked depression in phagosome maturation (34) could contribute to the impairment of bacterial detection by intracellular sensors, such as Nod proteins, in MyD88 Ϫ/Ϫ macrophages. Indeed, macrophages possess phagocytic properties, and when triggered with whole bacteria, intracellular pattern recognition receptors may also contribute to the signaling cascades leading to cytokine production. Our results show that in the absence of TLR2, cytokine production was impaired in response to HKSA if phagocytosis was inhibited. Phagocytosis was inhibited by using cytochalasin D, a drug that prevents actin polymerization and that, in contrast to cytochalasin B, has no effect on glucose transportation (20) . The strong inhi- bition of phagocytosis by cytochalasin D was confirmed by flow cytometry. In addition, similar results were obtained by using latrunculin A, another drug known to inhibit phagocytosis (data not shown). We checked the production of cytokines in the absence of TLR9, the receptor for bacterial DNA that is expressed intracellularly. The TLR9 Ϫ/Ϫ macrophage response to HKSA did not differ from that of wild-type macrophages. Furthermore, the absence of this receptor, specific for bacterial DNA, would not explain the difference seen between grampositive and gram-negative bacteria. Thus, we evaluated the contribution of the intracellular sensor Nod2. Nod1 and Nod2 belong to a family of cytosolic pattern recognition receptors that are involved in the recognition of pathogens and sense different peptidoglycan motifs. The ligand of Nod1 is a PGN fragment that is found mainly in gram-negative bacteria (4, 7). Nod2 also detects a PGN fragment, although it is distinct from that of Nod1. Nod2 is a general sensor of bacteria through its recognition of MDP, which is the minimal bioactive fragment common to all PGNs (8, 13) . Using dominant negative forms of these receptors, we showed that both DN Nod1 and DN Nod2 interfere with the activation of NF-B by S. aureus in RAW 264.7 macrophages. Nod2 is likely involved in the sensing of PGN motifs of S. aureus, after its phagocytosis. While Nod1 does not sense PGN from gram-positive bacteria directly, it appears to interfere with Nod2 signaling. We confirmed these results in overexpression experiments in HEK293T cells using purified Nod1 and Nod2 agonists. Our results show that DN Nod1 could alter the Nod2 signaling pathway and that this effect was specific and was not observed with another receptor such as TLR2.
Nod1 has been shown to form homodimers upon activation by interactions via its nucleotide binding domain (11) . Since Nod1 and Nod2 molecules are highly homologous, we tested the hypothesis that Nod1 could bind to Nod2. This could not be seen in primary macrophages, where the concentrations of endogenous Nod1 and Nod2 molecules are very low. We tested this possibility by overexpressing Nod1 and Nod2 in HEK293T cells. The immunoprecipitation experiments were not conclusive, because Nod1 and Nod2 were not coprecipitated in all the experiments (data not shown). However, even without a direct interaction, Nod1 may modulate Nod2 signaling. This result could seem odd at first, but recently, Netea et al. (23) showed that a frameshift mutation in Nod2 also resulted in unresponsiveness to a Nod1 agonist. In addition, an increasing number of studies have shown the existence of cross talk between TLR and Nod signaling pathways (16, 22) . A synergistic effect of Nod1 or Nod2 agonists with endotoxin (6, 31, 33) as well as an interaction between Nod2 and Tak1 (a molecule involved in TLR2 signaling) have been described (5) . More recently, a study demonstrated that a Nod2 deficiency could dysregulate TLR2 signaling (32) . Thus, the blunting of TLR signaling pathway, as in MyD88 knockout mice, may have unexpected consequences for the Nod pathway.
Our results illustrate that in addition to the signaling initiated by TLRs, bacterial phagocytosis and Nod proteins are also important for macrophage responsiveness to S. aureus. Furthermore, similar to the cross talk that has been shown between the TLR pathway and Nod proteins (16) , it also appears that Nod1 can have a functional impact on Nod2-mediated signaling pathways.
